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Abstract
Background: The intestinal chronic rejection (CR) is the major limitation to long-term survival of transplanted organs. This
study aimed to investigate the interaction between intestinal microbiota and epithelial integrity in chronic rejection of
intestinal transplantation, and to find out whether fish oil enhances recovery of intestinal microbiota and epithelial integrity.
Methods/Principal Findings: The luminal and mucosal microbiota composition of CR rats were characterized by DGGE
analysis at 190 days after intestinal transplant. The specific bacterial species were determined by sequence analysis.
Furthermore, changes in the localization of intestinal TJ proteins were examined by immunofluorescent staining. PCR-DGGE
analysis revealed that gut microbiota in CR rats had a shift towards Escherichia coli, Bacteroides spp and Clostridium spp and a
decrease in the abundance of Lactobacillales bacteria in the intestines. Fish oil supplementation could enhance the recovery
of gut microbiota, showing a significant decrease of gut bacterial proportions of E. coli and Bacteroides spp and an increase
of Lactobacillales spp. In addition, CR rats showed pronounced alteration of tight junction, depicted by marked changes in
epithelial cell ultrastructure and redistribution of occuldin and claudins as well as disruption in TJ barrier function. Fish oil
administration ameliorated disruption of epithelial integrity in CR, which was associated with an improvement of the
mucosal structure leading to improved tight junctions.
Conclusions/Significance: Our study have presented novel evidence that fish oil is involved in the maintenance of epithelial
TJ integrity and recovery of gut microbiota, which may have therapeutic potential against CR in intestinal transplantation.
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Introduction
The intestinal chronic rejection (CR) is the major cause of late
allograft dysfunction and it appears to be a significant problem in
long-term survival of the patients [1,2]. Pathological changes,
including vasculopathy, parenchymal fibrosis and inflammatory
cells infiltration in the graft, are the hallmarks of CR [3]. The
application of new potent immunosuppressive drugs has made
small bowel transplantation clinically feasible for an increasing
number of patients [1,4]. However, the chronic rejection remains
major concerns [1,2,4]. The mechanisms underlying CR are far
from clear.
The human gastrointestinal microbiota is a complex ecosystem
of around 300–500 bacterial species and the number of bacteria
reaches extremely high densities (10
11 to 10
12 cells/ml). The gut
microbiota impacts upon a wide range of host biological processes
and it plays an important role in the intestinal immune system,
host metabolism, cell renewal in the intestinal epithelium,
intestinal angiogenesis and motility [5,6], and intestinal pathogens
exclusion [7]. The structure of the gut microbiota has also been
implicated in the etiology of a spectrum of intestinal diseases,
including inflammatory bowel disease (IBD), colorectal cancer,
infection and inflammation [8].
The gut is considered as the primary site for cross-talk between
the host and microorganisms. The intestinal epithelium constitutes
themajorinterfacebetween the microbiota and internalhosttissues.
The gut microbiota directly interacts with the intestinal epithelium,
involving in the development of the mucosal epithelium and
maturation of the mucosal immune system [9] and it provides
resistance to colonization by pathogenic microorganisms [10].
Normally, the intestinal epithelium serves as a continuous barrier to
avoid bacteria translocation and some endogenous or exogenous
events may alter intestinal barrier function and induce leaky gut.
Tight junctions (TJs) are specialized plasma membrane and play an
important role in barrier function. Proteins of tight junction are
composed of occludin, the claudin family, junctional adhesion
molecule-JAM and ZO-1, ZO-2 and ZO-3 [11,12]. Our findings
indicated the interaction between inflammatory cytokines and
alterations of lipid composition in membrane microdomains of TJs
in the inflammatory processes [13].
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intestinal epithelium and the microbial communities during
disease and homeostasis. Changes in gut microbiota control
inflammation and improve gut permeability in obese mice [14]. In
addition, we have demonstrated the in vivo functional role of
Paneth cells in maintaining homeostasis of microbial community
[15] and the changes of intestinal intraepithelial lymphocytes
following alemtuzumab treatment [16]. It has recently been shown
changes in gut microbiota and increase of intestinal permeability
by reducing the expression of two tight junction proteins ZO-1
and occludin [14] in obese mice. Importantly, however, there is no
direct evidence for the interaction between the altered gut
microbiota and changes in the structure and function of tight
junction.
n-3 polyunsaturated fatty acids (PUFAs), which are rich in fish
oil (FO), have positive influence on inflammatory disorders, such
as Alzheimer’s disease, lung fibrosis, and inflammatory bowel
disease [17–19], and play important roles in gut integrity and
epithelial barrier function [20,21]. The cytokine-induced perme-
ability changes were alleviated through a mechanism involving the
redistribution of occludin and ZO-1 by n-3 PUFAs [22]. However,
the potential roles played by n-3 PUFAs in tight junction in
chronic rejection of intestinal transplantation have not been
investigated. The interactions of PUFAs with the indigenous
microbiota might affect the biological roles of gut. In vitro studies
on the effects of n-3 PUFAs on the growth and adhesion of
different Lactobacillus strains have shown different results depending
on the strain [23]. The administration of PUFAs has positively
influenced the adhesion of Lactobacillus to the mucosa of
gnotobiotic piglets [24]. But only few studies associated with the
effects of n-3 PUFAs on gut microtiota were found.
In the transplanted intestine of chronic rejection, there are
remarkable complex interactions in rejection and adaptation
between the allograft and the host. Therefore, a specific
composition of the microbial communities may develop and a
shared host of the transplanted intestine may form in chronic
Figure 1. DGGE analysis of the bacterial community in the lumen contents of different treated transplantation rats. Bacterial
community profiles were generated from the DNA of luminal samples using the universal PCR primers 8f and 798r. N, normal control group; I, Syn
group; P, PBS group; C, CO group; F, FO group. t, transplanted intestine; i, ileum; c, colon.
doi:10.1371/journal.pone.0020460.g001
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such microbial community structure in chronic rejection of
intestinal transplant is unknown. Fish oil had been shown to
inhibit CR in animal models of cardiac transplantation [25,26].
Our findings show that fish oil decreases allograft inflammation
and significantly attenuates the development of allograft CR in
intestinal transplantation [27]. However, effects of n-3 PUFAs on
microbial community structure in chronic rejection of intestinal
transplant are poorly understood.
We hypothesize that the interaction between the altered
microbiota composition and tight junction play a vital role in
intestinal transplantation during chronic rejection. To confirm the
hypothesis, we compared the differences in the gut microbiota
composition between the syngeneic group and allogenic groups at
190 days after intestinal transplant. The luminal and mucosal
microbiota composition of the intestinal transplant rats were
characterized by DGGE analysis. Furthermore, we aimed to
identify specific bacterial species of the microbiota that could be
linked to intestinal transplantation by sequence analysis. And the
effect of chronic rejection on the localization of intestinal tight
junctions-associated proteins was examined by immunofluorescent
staining. In addition, the beneficial effect of fish oil on tight
junction structure and the recovery of the bacterial population
structure were studied.
Materials and Methods
Small bowel transplantation and experimental groups
Orthotopic transplantation of the entire jejunum and ileum was
performed as previously reported [28], using 200 to 300 g Male
Fisher 344 (F344) and Lewis rats (Vitalriver Company, Beijing,
China) as donors and recipients, respectively. The recipient’s small
intestine was resected and replaced with the donor’s intestine. In
the recipient, the graft superior mesenteric artery was anastomosed
to the recipient’s infrarenal aorta in an end-to-side manner, and
the graft portal vein to recipient’s infrarenal inferior vena cava.
The intestinal continuity was restored with an end-to-end
anastomosis. All experimental procedures were performed in
accordance with the ‘‘Guide for the Care and Use of Laboratory
Animals’’ published by the National Institutes of Health (NIH
publication 86–23 revised 1985). And the protocols were approved
by the Animal Research Committee of Nanjing University.
Syngeneic (n=8) and allogeneic transplant groups (eight
animals in each group) were involved in our study. The allogeneic
rats were subdivided into the following three groups: PBS group
(Allo/PBS), the rats were treated with phosphate buffered saline
(PBS, 0.1 M, pH 7.4); CO group (Allo/CO), rats were fed with
corn oil in a dosage of 6 ml/kg each day after intestinal
transplantation; FO group (Allo/FO), rats received 6 ml/kg fish
Figure 2. Dendrogram derived from DGGE analysis based on UPGMA clustering algorithm. The scale shown here represents percentage
similarity between DGGE profiles.
doi:10.1371/journal.pone.0020460.g002
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dosage of 1.0 mg/kg on postoperative days 0–13, 20, 27.
For the other detailed methods see Text S1.
Results
Enhancement of recovery in the gut microbiota in CR rats
by long-term fish oil supplementation
To characterize gut microbiota shifts in CR rats and determine
the effects of fish oil on the restoration of gut microbiota after
allogeneic transplantation, we performed a global survey of the
microbiota in intestinal contents and mucosal samples from the
grafted intestine, recipients’ native ileum and colon at day 190
posttransplant. Genetic fingerprints of the intestinal bacterial
communities generated by PCR-DGGE analysis showed shifts of
thebacterialcompositionanddiversityinluminalcontents(Figure1)
and intestinal mucosa (Figure 3) during chronic rejection after
intestinal transplantation. As shown in Figure 2, the similarity
indicesof luminal microbiota ingraft and host’s ileum of eachgroup
ranged from 71% to 84%, indicating higher similarity in gut
microbiota in transplanted intestines and native ileum of CR rats.
Clustering analysis based on the similarity indices showed that Syn
group clustered together with normal group and FO group, and
PBS group and CO group clustered in another branch. It indicated
that the microbial composition in the graft and host’s ileum lumen
had a significant variation during chronic rejection after intestinal
transplantation. The luminal microbiota in FO-fed animals was
closer to those in Syn and normal control rats (54% and 59%,
respectively), which revealed the effects of fish oil on the recovery of
intestinal luminal microbiota after allogeneic transplantation. The
DGGE fingerprint showed that the band number from the colon
contents was much larger than those of the graft and ileal luminal
samples, indicating an increasing bacterial diversity. The microbial
composition in the colonic contents was different from that in the
graft and ileal luminal samples, which clustered in a single branch.
The variation of the luminal microbiota in the colon was almost
consistent with those in the grafted intestine and host’s ileum in
different groups. In FO group, the DGGE profile of the luminal
microbiota in the colon was also similar to that of Syn group and
normal group.
The similar shifts of the microbial composition were found in
the DGGE profiles of mucosa-related microbiota (Figure 3 and 4).
As shown in Figure 4, the similarity indices of mucosa-associated
microbiota in graft and host’s ileum of each group was also at a
high level, ranging from 71% to 84%. These data demonstrated
that the similar bacteria resided in graft and ileal mucosa in CR
rats, which was consistent with that in the lumen. Clustering
analysis showed that the similarity indices of mucosa-associated
Figure 3. DGGE profiles of the V3 region of the 16S rDNA in the microbiota of mucosal samples. Letters in the image were the same as
those in Figure 1.
doi:10.1371/journal.pone.0020460.g003
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control group, which was much higher than that between PBS
group and normal rats (47%). The shifts of colon mucosa-
associated microbiota in FO group also resembled those of the
colon contents in Syn group and normal control group.
These results demonstrated that the gut microbiota had
significant changes in CR rats after small bowel transplantation.
Further analysis in dendrogram was noted that the gut microbiota
in FO group was similar to that in normal control and Syn groups
but not PBS group and CO-fed animals. It suggested that long-
term fish oil treatment resulted in significantly different compo-
sition of the intestinal microbiota and enhanced the recovery of
gut microbiota from a chaotic status during CR after intestinal
transplantation.
Impact of fish oil administration on bacterial colonization
during chronic rejection after intestinal transplantation
To further investigate bacterial colonization in the gut during
chronic rejection after intestinal transplantation, bacterial species
were identified by comparative sequence analysis of 16S rRNA
gene fragments from the DGGE profiles (Table 1 and 2). The
DGGE profile from the luminal samples (Figure 1 and Table 1)
showed that the most prominent bands corresponded closely to
Weissella paramesenteroides (band F4), Lactobacillus sp. (band F5, F19,
F28 and F30) in the graft and native ileal contents in Syn group.
Instead of that, the major bands corresponding to Bacteroides
fragilis (band F1), Parabacteroides distasonis (band F10), Escherichia coli
(band F24) Acidovorax ebreus (band F26) and Clostridium botulinum
(band F27) were found and had high abundance in the graft and
host’s ileal lumen in PBS and CO groups. As compared with Syn
group, the intensity of bands corresponding to Weissella
paramesenteroides (band F4), and Lactobacillus sp (band F5 and F30)
in the PBS and CO group were decreased, while Bacteroides
thetaiotaomicron (band F2) and Bacteroides uniformis (band F3) were
increased after corn oil treatment. It demonstrated that the
species of dominant bacteria in the intestinal lumen markedly
varied in CR animals after intestinal transplant, while the relative
abundance of Lactobacillales species decreased, and those of
Escherichia coli and Bacteroides species increased during CR. In
FO-fed rats, the major bacteria including Weissella paramesenteroides
(band F4) and Lactobacillus johnsonii (band F5, F19 and F30) in the
intestinal lumen were identical to those in normal control and
syngenic transplanted animals. The results revealed that the long-
term fish oil supplementation was beneficial for the resident of
normal dominant bacteria in the graft and ileal lumen in CR
after intestinal transplantation.
Figure 4. Cluster analysis of DGGE profiles of the mucosal samples. The dendrogram was constructed using UPGMA method.
doi:10.1371/journal.pone.0020460.g004
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in the luminal samples by sequence analysis (Figure 3 and Table 2).
In the graft and ileal mucosa of Syn group, the prominent bands
were closely related to Lactobacillus sp. (band M4, M18, M21, M26,
M29 and M31) at 190 days after intestinal transplant, which was
almost consistent with those in normal rats. The intense bands
corresponding to Bacteroides fragilis (band M1), Escherichia coli (band
M23), Clostridium sp. (band M25 and M28) and Parabacteroides
distasonis (band M7) were found in the profile of PBS-treated rats.
The dominant bacteria presented inCO-fed animals were similar to
those in PBS group. These results indicated that the predominant
bacteria in the graft and ileal mucosa also had significant changes in
CR rats after intestinal transplantation. Three bands corresponding
to Lactobacillus johnsonii (band M4), Lactobacillus antri (band M29) and
Lactobacillus vaginalis (band M31) appeared and had high abundance
in the graft’s mucosa of FO group, which was consistent with those
of control group and Syn group. Meanwhile, Lactobacillus jensenii
(band M9) was present and became one of the most abundant
bacteria in the grafted and ileal mucosa of FO group. Although the
dominant bacteria species in FO group were not completely
identical to those incontrol and Syn groups, these bacteria belonged
to a same genus Lactobacillus. It revealed that fish oil could retrieve
the alteration of mucosa-associated microbiota during chronic
rejection after small bowel transplantation.
Table 1. Similarities of 16S rDNA gene sequences of luminal microbiota with closest match sequences retrieved.
Band Closest relative % similarity clones Accession no.
L1 Bacteroides fragilis 100 YCH46 NC_006347.1
L2 Bacteroides thetaiotaomicron 98 VPI-5482 NC_004663.1
L3 Bacteroides uniformis 95 ATCC 8492 NZ_DS362249.1
L4 Weissella paramesenteroides 95 ATCC 33313 NZ_GG697131.1
L5 Lactobacillus johnsonii 100 ATCC 33200 NZ_GG670123.1
L6 Prevotella copri 98 DSM 18205 NZ_GG703856.1
L7 Clostridium cellulolyticum 90 H10 NC_011898.1
L8 Bacteroides stercoris 92 ATCC 43183 NZ_DS499676.1
L9 Helicobacter winghamensis 93 ATCC BAA-430 NZ_GG661973.1
L10 Parabacteroides distasonis 100 ATCC 8503 NC_009615.1
L11 Bacteroides sp. 96 D20 NZ_GG730109.1
L12 Lactobacillus jensenii 100 SJ-7A-US NZ_GG704690.1
L13 Oribacterium sp. oral taxon 94 078 str.F0262 NZ_GG729933.1
L14 Bacteroides cellulosilyticus 95 DSM 14838 NZ_EQ973490.1
L15 Lactobacillus helveticus 95 DSM 20075 NZ_GG700755.1
L16 Clostridium sp. 96 M62/1 NZ_GG730316.1
L17 Prevotella oris 96 F0302 NZ_GG703886.1
L18 Clostridium saccharolyticum 96 WM1 NC_014376.1
L19 Lactobacillus coleohominis 92 101-4-CHN NZ_GG698808.1
L20 Clostridium bolteae 100 ATCC BAA-613 NZ_DS480694.1
L21 Lactobacillus salivarius 93 ATCC 11741 NZ_GG693227.1
L22 Shigella flexneri 95 5 str. 8401 NC_008258.1
L23 Prevotella sp. oral taxon 97 472 str. F0295 NZ_GG704830.1
L24 Escherichia coli 97 MS 146-1 NZ_GG772052.1
L25 Porphyromonas gingivalis 95 ATCC 33277 NC_010729.1
L26 Acidovorax ebreus 95 TPSY NC_011992.1
L27 Clostridium botulinum 95 E3 str. Alaska E43 NC_010723.1
L28 Lactobacillus reuteri 98 CF48-3A NZ_GG693685.1
L29 Clostridium perfringens 98 ATCC 13124 NC_008261.1
L30 Lactobacillus antri 99 DSM 16041 NZ_GG700732.1
L31 Clostridium leptum 95 DSM 753 NZ_DS480348.1
L32 Syntrophus aciditrophicus 99 SB NC_007759.1
L33 Clostridium bartlettii 100 DSM 16795 NZ_DS499553.1
L34 Syntrophobacter fumaroxidans 93 MPOB NC_008554.1
L35 Clostridium beijerinckii 98 NCIMB 8052 NC_009617.1
L36 Desulfovibrio desulfuricans 96 ATCC 27774 NC_011883.1
L37 Bacteroides coprophilus 93 DSM 18228 NZ_EQ973630.1
doi:10.1371/journal.pone.0020460.t001
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animals by fish oil treatment
All the partial 16S rDNA sequences representing the respective
excised DGGE bands were aligned and phylogenetically analyzed
(Figure 5 and 6). The neighbor-joining analysis showed that the
major sequences in luminal contents were divided into three clusters
(Figure 5), which were Bacteroidetes (12 sequences), Firmicutes (total 18
sequences in which 10 of Clostridia and 8 of Lactobacillales),
Proteobacteria (7 sequences), which in mucosal samples were also
divided into three clusters (Figure 6). The dominant bacteria in Syn
and FO group belonged to Lactobacillales, which in PBS and CO
group clustered to Bacteroides, Clostridia and Enterobacteriaceae. The
results suggested that the Bacteroides, Clostridia and Enterobacteriaceae
species greatly increased and became predominant instead of
Lactobacillales bacteria in CR rats. These data confirmed that long-
term dietary fish oil would enhance the colonization of Lactobacillales
bacteria in intestines and contribute to the recovery of gut
microbiota during chronic rejection after intestinal transplantation.
Fish oil treatment improved intestinal epithelial TJ
ultrastructure
The intact barrier of epithelia is essential for physiological
homeostasis and defense against extrinsic antigens [29]. Tight
junctions are essential for the barrier function of the epithelia. To
investigate whether intestinal transplant had effect on tight
junction, we first assessed changes in the ultrastructure of TJs
with Transmission electron microscopy (TEM). TEM examination
revealed marked structural abnormalities in TJ region of the
Table 2. Similarities of 16S rDNA gene sequences of mucosal-related microbiota with closest match sequences retrieved.
Band Closest relative % similarity clones Accession no.
M1 Bacteroides fragilis 99 YCH46 NC_006347.1
M2 Bacteroides thetaiotaomicron 99 VPI-5482 NC_004663.1
M3 Bacteroides uniformis 95 ATCC 8492 NZ_DS362249.1
M4 Lactobacillus johnsonii 100 ATCC 33200 NZ_GG670123.1
M5 Prevotella copri 98 DSM 18205 NZ_GG703856.1
M6 Clostridium cellulolyticum 90 H10 NC_011898.1
M7 Parabacteroides distasonis 99 ATCC 8503 NC_009615.1
M8 Bacteroides sp. 98 D20 NZ_GG730109.1
M9 Lactobacillus jensenii 99 SJ-7A-US NZ_GG704690.1
M10 Fusobacterium nucleatum 95 ATCC 10953 NZ_CM000440.1
M11 Coprococcus comes 92 ATCC 27758 NZ_GG662006.1
M12 Ruminococcus lactaris 99 ATCC 29176 NZ_DS990170.1
M13 Bacteroides cellulosilyticus 97 DSM 14838 NZ_EQ973490.1
M14 Lactobacillus helveticus 95 DSM 20075 NZ_GG700755.1
M15 Lactobacillus ultunensis 97 DSM 16047 NZ_GG693258.1
M16 Prevotella oris 98 F0302 NZ_GG703886.1
M17 Eubacterium rectale 91 ATCC 33656 NC_012781.1
M18 Lactobacillus coleohominis 92 101-4-CHN NZ_GG698808.1
M19 Clostridium bolteae 100 ATCC BAA-613 NZ_DS480694.1
M20 Lactobacillus acidophilus 95 ATCC 4796 NZ_GG669569.1
M21 Lactobacillus salivarius 93 ATCC 11741 NZ_GG693227.1
M22 Prevotella sp. oral taxon 97 472 str. F0295 NZ_GG704830.1
M23 Escherichia coli 97 MS 146-1 NZ_GG772052.1
M24 Porphyromonas gingivalis 93 ATCC 33277 NC_010729.1
M25 Clostridium botulinum 97 E43 NC_010723.1
M26 Lactobacillus reuteri 98 CF48-3A NZ_GG693685.1
M27 Prevotella bergensis 98 DSM 17361 NZ_GG704785.1
M28 Clostridium perfringens 100 ATCC 13124 NC_008261.1
M29 Lactobacillus antri 96 DSM 16041 NZ_GG700732.1
M30 Pediococcus acidilactici 94 DSM 20284 NZ_GL397069.1
M31 Lactobacillus vaginalis 98 ATCC 49540 NZ_GG693419.1
M32 Clostridium bartlettii 100 DSM 16795 NZ_DS499553.1
M33 Clostridium beijerinckii 98 NCIMB 8052 NC_009617.1
M34 Desulfovibrio desulfuricans 94 ATCC 27774 NC_011883.1
M35 Bacteroides coprophilus 92 DSM 18228 NZ_EQ973630.1
doi:10.1371/journal.pone.0020460.t002
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pronounced in tissues from PBS group and coin oil treated rats, in
which less electron density materials were present at TJs and some
microvilli were lost, indicating that TJ ultrastructure was destroyed
(Figure 7A and Figure S1). However, much electron density
materials were observed in the loci of TJs, demonstrating intact TJ
ultrastructure in syngeneic group. And the desmosomes also
displayed intact structure. Additionally, large number of microvilli
was well oriented in this group. Most strikingly, Administration of
fish oil alleviated the distortion of TJ ultrastructure. The TJs and
desmosomes demonstrated normal structures as those in the
syngeneic group.
Fish oil prevented redistribution of TJ proteins
In order to characterize the barrier damage during shifts in gut
microbiota induced by chronic rejection, we performed immuno-
fluorescency to examine the expression and subcellular localization
of TJ structural proteins. The evidences have suggested that
occludin is involved in the barrier and fence functions of TJs
[30,31]. In addition, establishment of TJ strands depends on
claudins, especially claudins 1 and 3 which can form continuous
TJ strands [30]. Thus, we investigated changes in the localization
of occludin, claudin-1 and 3 in intestinal transplant rats by
immunostaining. The immunofluorescence assay demonstrated an
intact network of occludin which was mainly localized in the tight
junction region of the surface epithelial cells in the allograft
intestine (Figure 7B) and recipients’ native ileum (Figure S2) in
syngeneic group. And the localization of occludin showed no
obvious gradient in staining along the crypt-to-villus axis. In
contrast, occludin staining appeared to be decreased and
discontinuous in the tissues of the PBS group and CO-fed animals
(Figure 7B and Figure S2). The signal intensity of occludin was
much weaker at the apicalmost tips of the villi than that in the
crypt epithelium both in the allografts and recipients’ native ileum.
Furthermore, we found that fish oil treatment could modulate the
expression of occludin, leading to a significant increase in the
expression of occludin in tight junction region as compared to PBS
and CO rats (Figure 7B and Figure S2), which indicated that fish
oil could effectively prevent the redistribution of tight junction
proteins in intestinal transplant. Claudin-1 was distributed at the
villous tip and along the lateral membranes of epithelial cells in the
allograft intestine (Figure 7C) and recipients’ native ileum (Figure
S3) in syngeneic group. The pattern of claudin-1 distribution was
altered during chronic rejection. The immunofluorescent staining
of claudin-1 at the villous tips was greatly decreased both in the
PBS and CO groups. However, fish oil effectively inhibited the
relocalization of claudin-1 and the expression pattern was similar
as that in the syngeneic group (Figure 7C and Figure S3).
Immunofluorescent staining revealed that claudin-3 was not
restricted to the apical pole of epithelial cells, and it was also
detected along the crypt-villus axis of the intestinal epithelium
(Figure 7D and Figure S4). Chronic rejection also led to a decline
in the expression of claudin-3 at the apical epithelial cells in PBS
and CO groups. And this redistribution was alleviated by fish oil.
In addition, using biotin tracer experiment we found that TJ
barrier function was disrupted in the allograft intestine in PBS
group and CO-fed animals (Figure S5). Whereas, fish oil
prevented TJ barrier function disruption.
Fish oil attenuated mucosal damage in intestinal
transplant rats
The intestinal mucosa was examined by H& E staining.
Significant changes of the intestinal grafts were noticed 190 days
post transplant. The intestinal grafts from the PBS group showed
severe mucosal damage characterized by marked villous flattening
and focal mucosal necrosis in the allografted intestine (Figure
S6A). And significant infiltration with inflammatory cells and
massive hemorrhage were also found in the lamina propria.
Similarly, the damage of mucosa was present in the allografted
intestine in CO rats. In contrast, it showed normal mucosal
architecture in the syngeneic group. Interestingly, we found that
rats fed with fish oil showed significant attenuation of mucosal
injury (Figure S6A). The intestine from FO-fed animals was well
protected with normal villous architecture and little inflammatory
cell infiltration. Furthermore, the colon of the recipients was
assessed. As shown in Figure S6B, chronic rejection resulted in
lifting and sloughing of colonic surface epithelium, especially in
CO group, extensive superficial ulceration with exposed lamina
propria was found. However, the epithelium was restored after fish
oil treatment, in which group the epithelium had taken on a
normal columnar appearance (Figure S6B).
Discussion
In this study, we observed significant alterations in the
composition of intestinal microbiota and disruption of epithelial
integrity in CR. Furthermore, exogenous administration of fish oil
promotes restoration of the normal gut microbiota and intestinal
tight junction in CR rats. The intestinal transplanted rats
displayed major historical characteristics of chronic rejection.
Tissue damage was most pronounced in the allografts and
recipients’ native ileum. Our data suggested the histological
characteristics of intestinal epithelial injury and chronic inflam-
mation in chronic rejection. Besides, here we found that
administration of fish oil to intestinal transplant rats was associated
with an improvement of the mucosal structure and the intestinal
epithelial integrity was well protected. Moreover, inflammatory
cells infiltration was markedly reduced by fish oil. It is well known
that enteric pathogenic bacteria compete with the endogenous
microbiota and that infections are more common when the
normal intestinal microbiota is lost. We examined the status of the
gut microbiota in the graft, recipients’ native ileum and colon in
CR rats and found dramatic differences in CR rats (Figures 1–7)
compared with syngeneic transplanted animals and normal rats.
The rats of chronic rejection were accompanied by the shifts of gut
microbiota towards Escherichia coli, Bacteroides and Clostridium
groups. Meanwhile, the relative abundance of Lactobacillales
bacteria in the intestines had a significant decrease in CR rats.
Similar changes were showed in experimental models of intestinal
inflammation [32,33] and in patients with IBD [34,35], which
indicated that these alterations are caused by inflammation.
Phylogenetic analysis ultimately determined the composition of
bacteria in CR rats. Comparison of phylogenetic data showed that
CR rats had more Escherichia coli, Bacteroides spp. and Clostridium
groups than syegeneic transplanted rats and normal rats (Figure 5
and 6). Patients with active intestinal inflammation displayed
accumulation of commensal Escherichia coli or Bacteroides spp. at
inflamed tissue sites [36,37]. These bacterial groups also suspected
Figure 5. Neighbor-joining tree showing phylogenetic relationships of 16S rDNA sequences cloned from intestinal contents to
closely related sequences from GenBank. The tree was constructed using the neighbor-joining method. The bar indicates 5% sequence
divergence.
doi:10.1371/journal.pone.0020460.g005
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PLoS ONE | www.plosone.org 9 June 2011 | Volume 6 | Issue 6 | e20460Figure 6. Phylogenetic tree for partial sequences of cloned 16S rDNA fragments and the most closely related bacteria. The tree was
constructed by neighbor-joining analysis.
doi:10.1371/journal.pone.0020460.g006
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PLoS ONE | www.plosone.org 10 June 2011 | Volume 6 | Issue 6 | e20460Figure 7. Fish oil prevented the alteration of TJ ultrastructure and redistribution of TJ proteins in intestinal transplant rats. (A):
Transmission electron microscopic analysis was performed to investigate changes in the ultrastructure of TJ during chronic rejection. Arrows
indicated apical TJ and arrows heads depicted desmosomes. In PBS and CO groups, the electron dense materials decreased significantly, indicating
disruption of TJ ultrastructure both in the allograft. In addition, desmosomes disappeared in the two groups. In contrast, fish oil preserved the
ultrastructure of TJs. In FO group, TJs and desmosomes displayed intact structure as those in syngeneic group. Bars in the images were 0.5 mm. (B):
Examination of the tight junction protein occludin by immunofluorescency. The allograft intestine was subjected to immunostaining with the
corresponding antibody. And the distribution of TJ proteins in the epithelium was examined by immunofluorecency. (C): Immunolocalization of
claudin-1 in the allograft intestine in intestinal transplant rats. The allograft intestine was subjected to immunostaining with the claudin-1 antibody,
and images were captured with a confocal scanning microscope. (D): Immunofluorescence staining for claudin-3. Fish oil prevented redistribution of
claudin-3 in the allograft intestine.
doi:10.1371/journal.pone.0020460.g007
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after bone marrow transplantation [38]. The extensive overgrowth
of Escherichia coli indicates that fast-growing bacteria may take
advantage of increased sugar and oxygen concentrations induced
by inflammation and tissue damage [32]. This is in consistent with
the proinflammatory potential of Escherichia coli, and Bacteroides spp.
in various models of intestinal inflammation [32]. Notably,
increased intestinal Escherichia coli and Bacteroides spp., particularly
in the intestinal mucosa, were significantly associated with
intestinal pathology and disruption of tight junction in CR rats.
Our previous results showed that enteropathogenic Escherichia coli
could disrupt the tight junction in intestinal epithelial cells in vitro
[39] and change distribution of occludin and ZO-1 in tight
junction membrane microdomains in vivo [40]. These results
indicated that the disruption of the intestinal epithelial TJ in
chronic rejection might result from overgrowth of Escherichia coli in
intestinal microbiota.
The number and position of bands in DGGE profiles showed
that the molecular pattern of the gut microbiota of CR rats treated
by fish oil were similar to the reference pattern of syngeneic
transplanted and normal animals, showing 54% and 59%
concordance in the luminal contents, and 57% and 57% in the
intestinal mucosa from graft and host’s ileum, respectively. We
observed similar alterations in bacterial composition of the small
intestinal lumen and mucosa in CR rats treated with fish oil. Fish
oil treated rats showed a significant decrease of gut bacterial
proportions of Escherichia coli, Bacteroides spp. and Clostridium groups
as compared to CR rats. Meanwhile, the colonization of
Lactobacillales bacteria in FO-fed rat intestines was enhanced
significantly. It is well known that enteric pathogenic bacteria
compete with the endogenous microbiota and that enteric
infections are more common in settings where the normal
intestinal microbiota is lost or disrupted. In this study, long-term
fish oil treatment had greatly increased the abundance of
Lactobacillales bacteria in small intestines of CR rats, which
indicated that fish oil might enhance the growth and adhesion of
Lactobacillus to intestinal surfaces and also appear to inhibit the
colonisation and infection of the gut opportunistic pathogen such
as Escherichia coli. The recovery of the normal gut microbiota by
fish oil was accompanied by the improvement of intestinal barrier
and epithelial TJ ultrastructure.
Noticeably, ultrastructural observations revealed epithelial cell
abnormalities, showing that the tight junctional structure was
disrupted in CR rats. Along the same line, we found that chronic
rejection induced rearrangements of tight junction proteins in TJs.
Occludin and claudins immunolocalization in characteristic TJ
‘ring structures’ was severely disrupted, which resulted in the lack
of continuity in immunostaining. Marked reduction of TJ proteins
may constitute a mechanism for barrier dysfunction in CR rats.
Another important finding of the present study was that fish oil
had beneficial effect on tight junction in CR rats. The most
striking feature of fish oil administration was the recovery of
impairment in TJ ultrastructure and prevention of TJ proteins
relocalization. Taken together, our study have presented novel
evidence that the positive effects of fish oil on intestinal barrier are
probably accounted for by hindering movement of occludin and
claudins away from the TJs to reestablish barrier function after
intestinal transplantation.
The interactions between microbiological communities and the
host are complex and poorly understood in CR. And the
mechanisms responsible for these beneficial effects of fish oil in
CR have not yet been determined. We have previously
demonstrated that proinflammatory cytokines affected the epithe-
lial barrier and disrupted the structure of TJs, as well as displaced
occludin from membrane microdomains of TJs [13]. Our previous
results indicated that n-3 PUFAs play an important role in
proinflammatory cytokines-induced permeability defects and
epithelial barrier dysfunction by preventing redistribution of TJ
proteins [22]. We considered that fish oil mediated regulation of
the microbiota was related to changes in the chronic inflammatory
state of the intestine in CR. Histological analysis of CR rats
revealed inflammatory changes and fish oil inhibited the
inflammation in the allografted intestine (Figure S6A). Therefore,
the effects of fish oil on the gut microbiota in CR are probably due
to an improved gut inflammatory state. However, in vivo studies on
the effects of PUFAs on the gut microbiota are lacking. Our results
demonstrated that the administration of PUFAs had positive
influence in imbalance of the gut microbiota and enhanced the
recovery of commensal gut microbiota in CR, which may be due
to that the intake of these fatty acids might influence bacterial
adhesion.
In summary, our data showed that CR rats exhibit an altered
gut barrier, characterized by the redistribution of tight junction
proteins. We found that changes in the gut microbiota of CR rats
are dominant by overgrowth of Escherichia coli, Bacteroides spp. and
Clostridium spp. and decreased Lactobacillales. In addition, fish oil
improved the tight junctions through expression of tight junction
proteins. Supplementation of fish oil in CR rats favored the growth
of commensal bacteria and enhanced restoration of gut microbiota
lost due to CR of intestinal transplantation. The restoration of
intestinal epithelial TJ was also closely associated with the
reestablishment of intestinal normal microbiota in CR rats treated
by fish oil. Based on these data, we suggest that orally administered
fish oil may have therapeutic potential against CR in intestinal
transplantation.
Supporting Information
Figure S1 Changes of TJ ultrastructure in the recipi-
ents’ native ileum in intestinal transplant rats. TJ
ultrastructure was examined by Transmission electron microsco-
py.
(TIF)
Figure S2 Occludin localization in the recipients’ native
ileum in intestinal transplant rats. Frozen sections of the
recipients’ native ileum were stained with the antibody to claudin-
1.
(TIF)
Figure S3 Localization of the TJ protein claudin-1 in the
recipients’ native ileum in intestinal transplant rats.
Claudin-1 localization was investigated by immunostaining.
(TIF)
Figure S4 Localization of claudin-3 in the recipients’
native ileum in intestinal transplant rats. The co-staining
of claudin-3 (red) and DAPI (blue) images were presented.
(TIF)
Figure S5 Fish oil protected injury of intestinal barrier
permeability in intestinal transplant rats. The tracer
molecule biotin was held to the luminal border of the intestine in
syngeneic group. While biotin fluorescent staining penetrates the
epithelium into tissue in PBS and CO-Fed animals. In FO group
biotin was held to the luminal border as that in the syngeneic
group. Nucleus was stained with DAPI (blue).
(TIF)
Figure S6 Histological appearance of the allograft
intestine and recipients’ native ileum (A) and colon (B).
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PLoS ONE | www.plosone.org 12 June 2011 | Volume 6 | Issue 6 | e20460(A) Representative photomicrographs of the allograft intestine and
recipients’ native ileal mucosa in rats after intestinal transplant
(magnification6100). Widespread destruction of villi was observed
in PBS and CO group. And fish oil prevented mucosal destruction.
(B) Histopathologic findings of the rat colon (magnification6400).
Sloughing of epithelium from the tips of the colon was present in
CO group. And fish oil preserved mucosal architecture.
(TIF)
Text S1 Suppenmentary Material and Methods, includ-
ing Reagents, Histopathology, Extraction of total DNA in
samples, PCR amplification of bacterial DNA, DGGE
analysis, Sequencing of DGGE bands from gels, Trans-
mission electron microscopy, Immunofluorescence stain-
ing of tight junction proteins, and TJ barrier function
measurement used in this study.
(DOC)
Acknowledgments
We would like to thank the Deutscher Akademischer Austauschdienst
Researcher Fellowship (Bioscience Special Program, Germany) for Dr.
Qiurong Li.
Author Contributions
Conceived and designed the experiments: QL JL. Performed the
experiments: QZ CW CT YZ. Analyzed the data: NL. Wrote the paper:
QL QZ CW.
References
1. Abu-Elmagd K, Reyes J, Bond G, Mazariegos G, Wu T, et al. (2001) Clinical
intestinal trans- plantation: a decade of experience at a single center. Ann Surg
234: 404–416.
2. Niv Y, Mor E, Tzakis AG (1999) Small bowel transplantation a clinical review.
Am J Gastroenterol 94: 3126–3130.
3. Chen Y, Li XS, Tian L, Lui VCH, Dallman MJ, et al. (2007) Inhibition of sonic
hedgehog signaling reduces chronic rejection and prolongs allograft survival in a
rat orthotopic small bowel transplantation model. Transplantation 83:
1351–1357.
4. Sudan DL, Kaufman SS, Shaw BW, Jr., Fox IJ, McCashland TM, et al. (2000)
Isolated intestinal transplantation for intestinal failure. Am J Gastroenterol 95:
1506–1515.
5. Dethlefsen L, Eckburg PB, Bik EM, Relman DA (2006) Assembly of the human
intestinal microbiota. Trends Ecol Evol 21: 517–523.
6. Ley RE, Ba ¨ckhed F, Turnbaugh P, Lozupone CA, Knight RD, et al. (2005)
Obesity alters gut microbial ecology. Proc Natl Acad Sci USA 102:
11070–11075.
7. Reid G, Howard J, Gan BS (2001) Can bacterial interference prevent infection?
Trends Microbiol 9: 424–428.
8. Kuehl CJ, Wood HD, Marsh TL, Schmidt TM, Young VB (2005) Colonization
of the cecal mucosa by Helicobacter hepaticus impacts the diversity of the
indigenous microbiota. Infect Immun 73: 6952–6961.
9. Hooper LV (2004) Bacterial contributions to mammalian gut development.
Trends Microbiol 12: 129–134.
10. Vollaard EJ, Clasener HA (1994) Colonization resistance. Antimicrob Agents
Chemother 38: 409–414.
11. Balda MS, Matter K (2000) Transmembrane proteins of tight junctions. Semin
Cell Dev Biol 11: 281–289.
12. Gonzalez-Mariscal L, Betanzos A, Nava P, Jaramillo BE (2003) Tight junction
proteins. Prog Biophys Mol Biol 81: 1–44.
13. Li QR, Zhang Q, Wang M, Zhao SM, Ma J, et al. (2008) Interferon-c and
tumor necrosis factor-a disrupt epithelial barrier function by altering lipid
composition in membrane microdomains of tight junction. Clin Immunol 126:
67–80.
14. Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, et al. (2009)
Changes in gut microbiota control inflammation in obese mice through a
mechanism involving GLP-2-driven improvement of gut permeability. Gut 58:
1091–1103.
15. Li QR, Zhang Q, Wang CY, Tang C, Zhang YM, et al. (2010) Influence of
alemtuzumab on the intestinal Paneth cells and microflora in macaques. Clin
Immunol 136: 375–386.
16. Qu LL, Li QR, Jiang HT, Gu LL, Zhang Q, et al. (2009) Effect of anti-mouse
CD52 monoclonal antibody on mouse intestinal intraepithelial lymphocytes.
Transplantation 88: 766–772.
17. Freedman SD, Blanco PG, Zaman MM, Shea JC, Ollero M, et al. (2004)
Association of cystic fibrosis with abnormalities in fatty acid metabolism.
N Engl J Med 350: 560–569.
18. Belluzzi A, Brignola C, Campieri M, Pera A, Boschi SB, et al. (1996) Effect of an
enteric coated fish oil preparation on relapses in Crohn’s disease. N Engl J Med
334: 1557–1560.
19. Teitelbaum JE, Walker WA (2001) The role of omega 3 fatty acids in intestinal
inflammation. J Nutr Biochem 12: 21–32.
20. Pscheidl E (2002) Effects of fatty acids on gut integrity and function. Clin Nutr
21 (Suppl. 2): 47–51.
21. Whiting CV, Bland PW, Tarlton JF (2005) Dietary n-3 polyunsaturated fatty
acids reduce disease and colonic proinflammatory cytokines in a mouse model of
colitis. Inflamm Bowel Dis 11: 340–349.
22. Li Q, Zhang Q, Wang M, Zhao SM, Xu GW, et al. (2008) n-3 polyunsaturated
fatty acids prevent disruption of epithelial barrier function induced by
proinflammatory cytokines. Mol Immunol 45: 1356–1365.
23. Kankaanpa ¨a ¨ PE, Salminen SJ, Isolauri E, Lee YK (2001) The influence of
polyunsaturated fatty acids on probiotic growth and adhesion. FEMS Microbiol
Lett 194: 149–153.
24. Bomba A, Nemcova ´ R, Gancarcı ´kova ´ S, Herich R, Guba P, et al. (2002)
Improvement of the probiotic effect of micro-organisms by their combination
with maltodextrins, fructo-oligosaccharides and polyunsaturated fatty acids. Br J
Nutr Suppl 1: S95–99.
25. Otto DA, Kahn DR, Hamm MW, Forrest DE, Wooten JT (1990) Improved
survival of heterotopic cardiac allografts in rats with dietary n-3 polyunsaturated
fatty acids. Transplantation 50: 193–198.
26. Grimminger F, Grimm H, Fuhrer D, Papavassilis C, Lindemann G, et al. (1996)
Omega-3 lipid infusion in a heart allotransplant model: Shift in fatty acid and
lipid mediator profiles and prolongation of transplant survival. Circulation 93:
365–371.
27. Ma H, Wang JH, Wang J, Li YS, Li JS (2007) Fish oil ameliorates the allograft
arteriosclerosis of intestine on rats. Pediatr Transplant 11: 173–179.
28. Murase N, Ye Q, Nalesnik MA, Demetris AJ, Abu-Elmagd K, et al. (2000)
Immunomodulation for intestinal transplantation by allograft irradiation,
adjunct donor bone marrow infusion, or both. Transplantation 70: 1632–1641.
29. Goodenough DA (1999) Plugging the leaks. Proc Natl Acad. Sci USA 96:
319–321.
30. Zahraoui A, Louvard D, Galli T (2000) Tight junction, a platform for trafficking
and signaling protein complexes. J Cell Biol 151: F31–36.
31. Tsukita S, Furuse M (1999) Occludin and claudins in tight-junction strands:
leading or supporting players? Trends Cell Biol 9: 268–273.
32. Heimesaat MM, Fischer A, Siegmund B, Kupz A, Niebergall J, et al. (2007) Shift
towards pro-inflammatory intestinal bacteria aggravates acute murine colitis via
Toll-like receptors 2 and 4. PLoS ONE 2: e662.
33. Heimesaat MM, Fischer A, Jahn HK, Niebergall J, Freudenberg M, et al. (2007)
Exacerbation of murine ileitis by Toll-like receptor 4 mediated sensing of
lipopolysaccharide from commensal Escherichia coli. Gut 56: 941e8.
34. Lupp C, Robertson ML, Wickham ME, Sekirov I, Champion OL, et al. (2007)
Host-mediated inflammation disrupts the intestinal microbiota and promotes the
overgrowth of Enterobacteriaceae. Cell Host Microbe 2: 119–129.
35. Strober W, Fuss I, Mannon P (2007) The fundamental basis of inflammatory
bowel disease. J Clin Invest 117: 514e21.
36. Swidsinski A, Ladhoff A, Pernthaler A, Swidsinski S, Loening-Baucke V, et al.
(2002) Mucosal flora in inflammatory bowel disease. Gastroenterology 122:
44–54.
37. Darfeuille-Michaud A, Boudeau J, Bulois P, Neut C, Glasser AL, et al. (2004)
High prevalence of adherent-invasive Escherichia coli associated with ileal
mucosa in Crohn’s disease. Gastroenterology 127: 412–421.
38. Beelen DW, Elmaagacli A, Muller KD, Hirche H, Schaefer UW (1999)
Influence of intestinal bacterial decontamination using metronidazole and
ciprofloxacin or ciprofloxacin alone on the development of acute graft-versus-
host disease after marrow transplantation in patients with hematologic
malignancies: final results and long-term follow-up of an open-label prospective
randomized trial. Blood 93: 3267–3275.
39. Li QR, Zhang Q, Wang CY, Li N, Li JS (2008) Invasion of Enteropathogenic
Escherichia coli into host cells through epithelial tight junctions. FEBS J 275:
6022–6032.
40. Zhang Q, Li QR, Wang CY, Liu XX, Li N, et al. (2010) Enteropathogenic
Escherichia coli changes distribution of occludin and ZO-1 in tight junction
membrane microdomains in vivo. Microb Pathogen 48: 28–34.
Fish Oil and Microbiota, TJ Injury in CR
PLoS ONE | www.plosone.org 13 June 2011 | Volume 6 | Issue 6 | e20460